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Abstract 
The effects of 4 wt% rhenium (Re) addition on isothermal oxidation behavior of Tribaloy T-800 alloy have been studied at 
800 °C and 1 000 °C in air. At 800 °C, T-800 shows nonuniform oxidation between dendritic and eutectic areas. Re addition 
clearly promotes the nonuniform oxidation, leading to considerably higher mass gains than that of T-800 at this temperature. At 
1 000 °C exposure, the thickness of scale on T-800 increases significantly, accompanied by severe scale spallation during cooling 
to room temperature. On the contrary, T-800Re shows a marked decrease of oxide growth rate compared to the linear one of 
T-800 at 1 000 °C. The scale adhesion is also improved with Re addition at this higher temperature. Therefore, the role of Re 
depends on the exposure temperature. Re addition gives high oxidation rate at 800 °C, however, the excellent oxidation resis-
tance is obtained by the addition of Re at a higher temperature of 1 000 °C. 
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1. Introduction1 
Cobalt-based Tribaloy® (registered trademark of 
Deloro Stellite Company) T-800 alloy (Co-Mo-Cr-Si) 
is well known for its excellent wear resistance, be-
cause of a large percentage of precipitation of hard 
intermetallic phase with exceeded solubility of Mo and 
Si[1-2]. It has been widely applied as the anti-wearing 
coating served at a temperature as high as 800 °C for 
tip shroud of turbine blade[3-6].  
Recently, in order to improve the efficiency and 
power of gas turbine, turbine inlet temperatures have 
been increased rapidly, causing a more severe oxida-
tion attack on the blade coating[7-9]. It was reported that 
rhenium (Re) as a reactive element is a useful addition 
to improve scale adhesion and long-term oxidation 
performance of MCrAlY-type coating materials by 
decreasing the extent of β-depletion and increasing the 
stability of α-Cr phase[10-12]. It was also reported that 
Re addition improved the cyclic oxidation behavior of 
β-NiAl+α-Cr alloy by reducing the extent of both 
internal oxidation and scale spallation[13]. However, 
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these points did not generally agree in alloy systems 
studied, for example, beneficial effect of Re addition 
was hardly found on the oxidation behavior of 
Cr-Cr2Nb alloy at 950 °C[14].  
Up to now, little attention is paid to the effect of Re 
addition on the oxidation behavior of the Co-base Tri-
baloy alloy. The present investigation, therefore, is 
undertaken to study the effect of Re addition to T-800 
on the isothermal oxidation behavior so as to contrib-
ute to improving the oxidation resistance of T-800 and 
enhancing the understanding of Re effects in 
superalloy systems. 
2. Materials and Methods 
Standard T-800 and T-800 containing 4 wt% Re 
(T-800Re) were prepared by arc-melting process. The 
nominal chemical composition of T-800 is 
Co-28.5Mo-17.5Cr-3.4Si (in wt%). After melting the 
cast samples were subjected to a vacuum anneal for  
2 h at 1 120 °C and subsequently 24 h at 850 °C. 
Oxidation specimens with dimensions of 10 mm in 
diameter and 1 mm in height were mechanically pol-
ished and finished with 0.5 μm diamond paste. The 
finished specimens were cleaned in distilled water and 
then in acetone with ultrasonic agitation for 2 min 
prior to oxidation. Isothermal oxidation tests were Open access under CC BY-NC-ND license.
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performed at 800 °C for 60 h and 1 000 °C for 40 h in 
still air. Each specimen was oxidized at the appointed 
temperature for the desired time and the mass gain was 
quantified discontinuously by an electronic balance 
with a sensitivity of 0.1 mg after cooling to room tem-
perature. 
The constituent phases in the oxide scale developed 
on the alloys were identified using X-ray diffraction 
(XRD, using Cu Kα radiation). The morphologies and 
chemical compositions of top surface and cross-section 
of the oxide scales were examined by scanning elec-
tron microscopy (SEM) with energy dispersive spec-
troscopy (EDS).  
3. Results 
3.1. Isothermal oxidation kinetics 
Since considerable spallation of oxide scale on 
T-800 occurred during cooling to room temperature 
after exposure at 1 000 °C for 40 h, the specimen of 
T-800 was oxidized in a crucible, and then weighed 
together with the crucible before and after oxidation. 
Fig.1 shows the mass gains per unit surface area of 
T-800 and T-800Re oxidized at 800 °C and 1 000 °C, 
respectively. In Fig.1(b), the solid line with filled tri-
angle is the mass gain of T-800 including spalled oxide; 
the dashed line with open triangle is from experimental 
measurements of T-800 specimen without spalled 
mass. 
 
Fig.1  Oxidation kinetics of T-800 and T-800Re after expo-
sure at 800 oC and 1 000 °C. 
The oxidation kinetics can be fitted by  
/ nm A KtΔ =  
where Δm is the mass change, A the surface area, K the 
oxidation rate constant, t the exposure time. n values 
are listed in Table 1. Both alloys follow subparabolic 
kinetics at 800 °C exposure. It is also found that the Re 
addition results in a marked increase of mass gain and 
the differences become more pronounced with in-
creasing exposure time at 800 °C. During oxidation at 
1 000 °C, n value is 0.94, which indicates that a nearly 
linear oxidation kinetics is identified for T-800. How-
ever, the oxidation of T-800Re follows a nearly para-
bolic kinetics at this temperature. It is inferred that the 
oxide growth rate is decreased dramatically by Re ad-
dition at 1 000 °C. Furthermore, after exposure at 
1 000 °C, the difference of mass gains between with 
and without measuring the spalled oxides is great 
(Fig.1(b)), suggesting a considerable extent of oxide 
spallation. However, no spallation is observed for 
T-800Re. In summary, the role of Re addition to T-800 
depends on the exposure temperatures. 
Table 1  n values for oxidation of T-800 and T-800Re at 
800 °C and 1 000 °C 
Alloy Temperature/°C n Correlation coefficient 
800 0.39 0.964 50 
T-800 
1 000 0.94 0.988 00 
800 0.66 0.991 52 
T-800Re 
1 000 0.50 0.991 00 
3.2. Scale morphology and composition 
Fig.2 shows the surface morphologies of T-800 and 
T-800Re after oxidation at 800 °C for 40 h. It is found 
that the oxides formed on T-800 is equaxed, as shown 
in Fig.2(a), which is mainly composed of two grained 
oxides: coarse-grained oxides and fine-grained oxides. 
By EDS analysis, strong Mo, Co and O peaks are de-
tected in coarse oxide regions and strong Co and O 
peaks with small Cr peaks in fine oxide regions. Simi-
larly, the fine-grained oxides present around the regions  
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Fig.2  Surface morphologies of oxide scales on T-800 and  
T-800Re after 40 h of exposure at 800 °C. 
of coarse-grained oxide for T-800Re, as shown in 
Fig.2(b). EDS results show that both coarse-grained 
oxide and fine-grained oxide are rich in Co and O. The 
former contains small amount of Mo but the latter con-
tains small amount of Cr. With the addition of 4 wt% 
Re, the oxide scale is relatively compact and many 
cracks are observed, as shown by the arrow in 
Fig.2(b). 
The surface morphologies of T-800 and T-800Re 
after oxidation at 1 000 °C for 40 h are shown in Fig.3. 
The oxide scale formed on both alloys is rich in Cr, Co 
and O according to EDS analysis. Typical morphology 
of spinel is observed and presumably it is CoCr2O4. 
The extensive oxide spalled area on T-800 oxidized at 
1 000 °C for 40 h is shown in Fig.3(c), where the 
grooves with loose oxide around Laves phase are ob-
served. The loose oxide is composed of Si and O by  
 
 
Fig.3  Surface morphologies of T-800 and T-800Re after 
oxidation at 1 000 °C for 40 h. 
EDS analysis. After exposure at 1 000 °C for 40 h, the 
cross-sectional residual oxide scale on T-800 is shown 
by the arrow in Fig.4(a). In contrary, the scale formed 
on T-800Re is adhesive and no spallation is found (see 
Fig.4(b)). This suggests that the oxidation resistance 
including mass gain and scale adhesion is improved by 
Re addition at 1 000 °C exposure. 
 
Fig.4  Cross-sectional SEM micrograph of T-800 and 
T-800Re after oxidation at 1 000 °C for 40 h. 
3.3. Scale microstructure 
According to XRD analysis, the oxidation products 
are mainly Co3O4, MoO3, Cr2O3, with CoO, SiO2 and a 
small amount of complex oxide CoMoO4 and spinel 
CoCr2O4 for the two alloys after oxidation in air at 
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800 °C for 60 h. In order to understand in detail the 
oxidation behavior, the cross-sectional microstructures 
of oxide scale were examined. Fig.5 shows cross-  
sectional SEM images of the two alloys oxidized at 
800 °C for 60 h. The oxide scale formed on T-800 
shows two very distinct scales: an external scale with a 
columnar microstructure and an internal attack with 
protrusion into Laves phases. The thickness of external 
scale is not uniform and varies from 2 μm to 4 μm. 
The thick parts mainly develop over Laves phases in 
the substrate, and the thin parts over the matrix. The 
maximal depth of inner protrusion is approximately 
8 μm. Fig.6 presents concentration profiles of Co, Mo, 
Cr, Si and O measured along A-A line and B-B line in 
Fig.5(a) and Fig.5(b), respectively. With the combina-
tion of EDS and XRD results, it suggests the oxidation 
products might be divided into five layers. The outer 
layer is pure Co oxides (Co3O4). Beneath the Co3O4 
layer, complex oxide CoMoO4 and spinel CoCr2O4 
form. As the main outer layer, the columnar oxide is 
MoO3 with a small amount of CoO, which contributes 
to the nonuniformity of external scale. The intermedi-
ate layer is a mixture of Cr2O3, SiO2, MoO3 and CoO. 
In internal oxidation region, a discontinuous layer of 
Cr2O3 and SiO2 has grown into the Mo and Si-rich 
Laves phases including primary Laves dendrite and 
secondary Laves phases in eutectic. Similar to the case 
of T-800, the scale formed on T-800Re presents two  
 
Fig.5  Cross-sectional SEM images of T-800 and T-800Re 
after oxidation at 800 °C for 60 h. 
 
I—Co3O4; II—CoMoO4; III—MoO3+CoO;  
IV— Cr2O3 +SiO2+MoO3+ CoO; V—Cr2O3+SiO2 
Fig.6  EDS line profiles corresponding to lines in Fig.5. 
distinct scales, except that external and internal oxida- 
tions become more severe. The external scale is rela-
tively uniform with a thickness of 11 μm and the in-
ternal attack along Laves phase increases to about 
17 μm. 
After 40 h of oxidation at 1 000 °C, the external 
oxide scale on T-800 is about 3.5 times as thick as that 
on T-800Re (see Fig.4). The XRD analysis indicates 
the oxidation products are mainly Cr2O3, spinel 
CoCr2O4 and a small amount of SiO2 for the two alloys. 
Fig.7 and Fig.8 show the cross-sectional SEM images 
and the concentration profiles of elements measured 
along designated C-C line and D-D line for T-800 and 
T-800Re oxidized at 1 000 °C for 20 h. Both scales 
have a similar cross-sectional microstructure. Accord-
ing to XRD analysis with combination of cross-sec- 
tional examination, it can be seen that a continuous 
Cr2O3 layer covered with a thin layer of spinel 
CoCr2O4 forms outer scale. After this exposure, the 
outer scale thickness of T-800Re is close to that of 
T-800, which are about 4.0 μm and 3.3 μm, respec-
tively. Beneath the outer scale, internal voids develop 
both at the interface between Lave phase and the ma-
trix, and at the scale/alloy interface together with loose 
internal oxide SiO2. Some of the voids are isolated in 
cross-section (see Fig.7) but are three-dimensional 
continuous, as evidenced by observation of oxide 
spalled area (see Fig.3(c)). 
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Fig.7  Cross-sectional SEM images of T-800 and T-800Re 
after oxidation at 1 000 °C for 20 h. 
 
I—CoCr2O4; II—Cr2O3; III—Voids+SiO2 
Fig.8  EDS line profiles corresponding to lines in Fig.7. 
 
4. Discussion 
The variation in effect of Re on oxidation resistance 
in the present study should be attributed to the differ-
ent oxidation mechanisms of T-800 at different tem-
peratures. During the exposure at 800 °C, both alloys 
exhibit different oxidation behaviors between dendritic 
and eutectic regions. Such phenomenon was also ob-
served in other alloy systems, for example, Cu-Ni- 
Cr-Fe[15] and Ni3Al alloy[16]. This is associated with the 
difference of compositions in individual phases due to 
microsegregation during solidification. At 800 °C, 
initial oxidation of T-800 is dominated by Co oxides 
(Co3O4 and CoO) and MoO3 formation. Over the 
Mo-rich laves phase area, thick MoO3 scale forms, 
while relatively thin scale forms over the Cr-rich ma-
trix area. Meanwhile, solid-state reactions among ox-
ides may occur, giving rise to the generation of com-
plex oxide CoMoO4 and spinel CoCr2O4. Owing to 
rapid transport rate of oxygen in external scale, oxygen 
pressure at the scale/substrate interface is high. This, 
together with a faster diffusion path for oxygen pro-
vided by cation defection as a result of the outward 
diffusion of Mo, causes further selective internal oxi-
dation. 
However, the oxidation resistance at 800 °C is wors-
ened dramatically with a larger thickness of scale in 
the presence of Re. The oxidation products on 
T-800Re are similar to that on T-800 at this tempera-
ture, as indicated in Fig.9(a). Any Re oxide could not 
be found in the scale probably due to the formation of 
volatile oxide Re2O7, which volatilized as soon as it is 
formed. Re enrichment in T-800 is observed in Laves 
phase regions and the partitioning of Re between 
Laves phase and the matrix is at about a ratio of 2.5:1. 
Consequently, the increase of mass gain, on the one 
hand, could be deduced that Re addition promotes the 
outward diffusion of Mo. As a result, the inward flux 
of oxygen in the alloy increases, resulting in higher 
oxide growth rate at 800 °C unlike the case of other 
reported materials[12,17-18]. This is presumably due to 
the various scale-forming elements and the different 
presence of Re in the microstructure[17-20]. On the other 
hand, it should also be attributed to the increase of the 
volume fraction of Laves phase to some extent, which 
changes from (61±5)% to (67±4)%. 
At 1 000 °C, a continuous external Cr2O3 scale with 
an outer thin layer CoCr2O4 is developed on the two 
alloys. The voids are generated at the scale/alloy inter-
face and intragranular regions together with loose SiO2 
oxide, which demonstrates that the external Cr-rich 
oxide scale is less protective. Fig.9(b) schematically 
illustrates the cross-sectional microstructure of oxide 
scale on T-800Re oxidized at 1 000 °C. As anticipated, 
Re addition significantly decreases oxygen gains, re-
duces the oxide growth stresses during 1 000 °C ex-
posure, and thus reduces or prevents the scale detach-
ment and oxide damage on cooling. It is hence sug-
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gested that the presence of Re suppressed the outward 
diffusion of Cr in the alloy. That may be attributed to 
the increase of stability of α-Cr by Re addition[11-12]. 
In view of the different effects of Re on oxidation 
behavior, Re appears to be unfavorable for solely use 
in T-800 to improve the oxidation resistance. Therefore 
further fine-tuning of alloying elements or co-additions 
is needed. 
 
 
Fig.9  Schematic of cross-sectional microstructure of oxide 
scale on T-800Re exposed at 800 °C and 1 000 °C. 
5. Conclusions 
The influence of Re addition on oxidation resistance 
of T-800 depends on the exposure temperature, which 
is responsible for different oxidation mechanism. At 
800 °C, the oxides grown on T-800 are multi-layer 
scales with nonuniform oxidation between dendritic 
and eutectic locations. The Re addition promotes the 
nonuniform oxidation and results in a marked increase 
of oxide growth rate at this temperature. The 1 000 °C 
exposure results in a significant increase in mass gain 
of T-800 compared to the 800 °C exposure. With the 
increase of exposure time, considerable scale spalla-
tion occurrs during cooling to room temperature. 
However, Re addition improves oxidation resistance 
by reducing oxidation rate and increasing scale adhe-
sion during exposure at 1 000 °C. 
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